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Input-to-State Stabilization of Nonlinear Impulsive
Delayed Systems: An Observer-Based
Control Approach

Yuhan Wang, Student Member, [EEE, Xiaodi Li, Member, IEEE, and Shiji Song, Senior Member, IEEE

Abstract—This paper addresses the problems of input-to-state
stabilization and integral input-to-state stabilization for a class of
nonlinear impulsive delayed systems subject to exogenous dis-
turbances. Since the information of plant’s states, time delays, and
exogenous disturbances is often hard to be obtained, the key
design challenge, which we resolve, is the construction of a state
observer-based controller. For this purpose, we firstly propose a
corresponding observer which is independent of time delays and
exogenous disturbances to reconstruct (or estimate) the plant’s
states. And then based on the observations, we establish an
observer-based control design for the plant to achieve the input-
to-state stability (ISS) and integral-ISS (iISS) properties. With the
help of the comparison principle and average impulse interval
approach, some sufficient conditions are presented, and
moreover, two different linear matrix inequalities (LMIs) based
criteria are proposed to design the gain matrices. Finally, two
numerical examples and their simulations are given to show the
effectiveness of our theoretical results.

Index Terms—Average impulse interval, input-to-state stabilization
(ISS), nonlinear impulsive systems, observer-based control, time
delays.

I. INTRODUCTION

S an important subclass of hybrid systems, impulsive
A systems consist of three main components: An ordinary
differential equation, a difference equation, and an impulsive
law [1], [2]. These systems have drawn considerable attention
due to their wide applications in many challenging areas such
as networked control systems [3], multi-agent systems [4],
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optimization problems [5], etc. In addition, time delays are
ubiquitous in many fields of science and engineering and
might bring about undesired dynamics such as oscillation,
instability, and some complicated phenomena, see [6]-[12].
Consequently, considering the fact that many dynamical
systems are affected by impulsive effects and time delays,
stability properties of such systems which are also called
impulsive delayed systems have been extensively inves-
tigated, see [13]-[20].

In the past decades, the concept of input-to-state stability
(ISS), firstly introduced by Sontag in [21] and then extended
to delayed systems by Teel in [22], plays an important role in
characterizing the influences of external inputs on nonlinear
systems. Roughly speaking, the ISS property implies that a
system can be asymptotically stable in input-free case and it
also has bounded state under bounded input. As a natural
generalization of ISS, integral-ISS (iISS) is a weaker but still
very meaningful concept, see [23]. Recently, the problems of
ISS and iISS were investigated for (delay-free) impulsive
systems in [24]-[26] and were subsequently also studied for
impulsive delayed systems in [14], [16], [17], [20]. For
example, [24] firstly developed the ISS-Lyapunov function
method to impulsive systems with external inputs affecting
both the continuous dynamics and discrete dynamics, [14]
established Razumikhin-type theorems for ISS and iISS of a
class of impulsive delayed systems, and [20] investigated the
ISS property of time-delay systems subject to delayed impulse
effects. Another interesting topic that has been investigated
extensively is the input-to-state stabilization problems, that is,
designing control laws for plants such that the closed-loop
systems achieve the ISS property with respect to exogenous
disturbances, see [27], [28]. In particular, [29], [30] studied
the input-to-state stabilization of nonlinear systems from
impulsive control point of view. However, there is no result
for input-to-state stabilization that takes into account the
effects of impulsive perturbations and time delays. It is,
therefore, important and necessary to design a control scheme
for impulsive delayed systems to achieve ISS from impulsive
perturbation point of view.

It is well known that the full state information of practical
systems might not be completely measurable due to the
limitation of implementation cost or measurement technology,
which implies that the state feedback is generally limited in
control engineering. To this end, numerous interesting works
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have considered the observer-based output feedback control
approach, that is, a sort of dynamic output feedback control
approach that can estimate plant’s states online, see [31]-[33].
Recently, such control approach has been widely studied for
impulsive systems. For example, [34] proposed an observer-
based fault-tolerant control method for a class of hybrid
impulsive systems, [35] studied robust stabilization for a class
of linear impulsive systems, and [36] solved the observer-
based quasi-synchronization problem of delayed dynamical
networks with impulsive effects. However, it should be noted
that when the impulsive systems involve unmeasurable time
delays and unknown exogenous disturbances, the above-
mentioned results are infeasible. Since such undesirable
factors may complicate the problems of stability analysis,
state estimation, and controller design, it is natural to ask
whether it is possible to design an observer-based controller
for impulsive systems involving unmeasurable time delays to
achieve the ISS performance with respect to exogenous
disturbances. So far, to the authors’ best knowledge, this
problem has not been fully investigated yet, and remains to be
challenging, which motivates our present work.

Statement of Contributions: Motivated by the above
discussions and practical requirements, our primary interest in
this paper is to design observer-based controllers for input-to-
state stabilization of a class of nonlinear impulsive systems
with unmeasurable time delays and unknown exogenous
disturbances. Based on the comparison principle and average
impulse interval approach, some stability criteria are derived
and the observer-based output feedback controllers are
correspondingly designed. The effectiveness of the developed
results is illustrated by numerical simulations. The main
contributions of this paper are summarized as follows.

1) Differently from the classical state observers for time-
delay systems in [31], [33], [36], [37], in which the constru-
ction of the state observers depends on the full information of
time delays, the state observer proposed in this paper is delay-
independent and can be applied to the case involving
unavailable and unmeasurable time delays.

2) The observer-based control for ISS of impulsive systems
has been extensively studied, such as [30]-[35]. However,
those results cannot be applied to the case involving both time
delays and exogenous disturbances. While in this paper, some
ISS results have been obtained, in which an observer-based
output feedback controller which does not need the full
information of time delays and exogenous disturbances has
been designed.

3) In order to design the gain matrices of observer-based
output feedback controllers conveniently, two different design
schemes are proposed in terms of linear matrix inequalities
(LMIs), which can be implemented in different cases.

The remainder of this paper is organized as follows. In
Section II, we precisely explain the type of systems consi-
dered and provide the relevant notations, assumptions, defini-
tions, and lemmas. Main results are proposed in Section III.
Two numerical examples are given in Section IV to show the
effectiveness of the proposed design. Finally, Section V
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concludes the paper.

II. PRELIMINARIES

Notations: We use the common definition of class K, K,
and KL functions from [38]. Let R denote the set of real
numbers, R the set of nonnegative real numbers, Z, the set of
positive integer numbers, R” and R"™ the n-dimensional and
nxm-dimensional real spaces equipped with the Euclidean
norm [|-||, respectively, Amax(A) and Apin(A) the maximum
and minimum eigenvalues of symmetric matrix A,
respectively. A >0 or A <0 denotes that the matrix A is a
symmetric and positive or negative definite matrix. The
notations A’ , A~! denote the transpose and the inverse of A,
respectively. [ is the identity matrix with appropriate
dimensions and * denotes the symmetric block in one
symmetric matrix. For any interval S; CR and any set
Sy CRK, 1<k<2n, we put PC(S1,S2)2{v:S;— S8, is
continuous everywhere except at finite number of points ¢, at
which v(r7), v(tt) exist and v(t*) = v(¢)}. For a,beR, a<b,
let PC([a,b],R*) denote the set of piecewise right continuous
function v : [a,b] — R* with the norm defined by [llap) =
SUp,<s<p V(S| For given 7>0, we denote PC’; 2 PC([tp—
7,101 RY) and [[vllz 2 [[vllsg—r.1

Consider the following nonlinear impulsive delayed system:

x(1) = Apx(1) + Ay f(x(1)) + Aag(x(t — 7(1))) + Beu(t)

+Byw(t), t £y, t > 1y

x()=Dx(t), t=t, keZ,

y(0)=Cx(@®)

x(s) = ¢(s) e PCL, s € [19—T,10] €))
where x(f) e R" is the state, x(r) is the upper right-hand
derivative of x(¢), u(t) € R? is the control input, w(r) e R" is
the bounded exogenous disturbance, and y(r) e R™ is the
output (or measurement) with m < n; Ay € R™", A; € R™",
AgeR™ B.eR"™4 B; e R™" CeR™" and DeR™" are
constant matrices; 7(f) is the time-varying delay satisfying
(1) € [0, 7] with 7> 0; f(x() = (fi(x1 ()., o))" €R”
and g(x(\)) = (g1(x1()), ..., gn(x,()))T € R" are the nonlinear
functions satisfying certain conditions which will be given
later. To prevent the occurrence of accumulation points, such
as Zeno phenomenon, we only consider that the impulse time
sequence ({filkez, satisfles 0<ty<t; <---<fy =00, as
k — co. Here, we always assume that the solutions of all
systems studied in this paper are right continuous, for
instance, x(1) = x(t*) £ limy_,o+ x(¢ + h).

Assumption 1: For nonlinear functions f'and g, the structure
is known, and there are positive constants l'; and l‘; such that

fi(s1) = fi(s2)| < Hls1 = 52l and [g(51) = g(s2)] < Els1 = s for
all s;,s2€R, j=1,...,n. In particular, f(0)=g(0)=0.
Denote Ly = diag(l? )and Lg = diag(lf.) for later use.

In general, the plant’s states might not be fully available due
to the physical limitation or the implementation cost [32],
[37], which means that it is very hard to apply a full state
feedback control for the plant in such case. Thus, a state
observer can be constructed to estimate the plant’s states by
utilizing the available measurements. In this paper, the
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assumption and processing of nonlinear part are not new [39],
[40], but we consider the case that the information of time
delays and exogenous disturbances cannot be completely
obtained. To this end, we firstly consider the following state
observer which is independent of time delays and exogenous
disturbances:

(1) = AgR(t) + A f(R() + Aag(R(1)) + Beu(r)

Xt)=Dx(t"), t=ty, keZ;

(1) = Ci(r)

X(t0) =P eR" 2

where x(r) e R" is the estimate of x(r), $(r) € R" is the

observer output with m < n, and L € R™"™ is the observer gain
matrix to be designed. The control law is then given by

u(t) = KX(f) 3)

where K € R?" is the control gain matrix to be designed.
Under control input (3), the plant can be rewritten as

X() = (Ao + B K)x(t) + Ay f (x(D) + Agg (x(1 — 7(1)))
+ Byw(t) — B:Ke(t), t £ 1y, t = 1
x()=Dx(t7), t=t, keZ,
y(@®) = Cx(1)
x(s) = ¢(s) e PCE, seto—T.1] 4)

where e(f) £ x(r) — £(r) is the estimation error between the
plant and the observer. It then follows from systems (2) and
(4) that the dynamics of the error system is derived as follows:

é(r) = (Ao — LO)e(t) + A1 F(e(t)) + AgG(e(r)) + Byw(r)
—Agg(x(D) +Aag(x(t—7(1)), t# 1, 12 1o
e(t)=De(t"), t=ty, keZ,
e(s) = ¢(s) = ¢(s)— P € PCL, s € [tg—T,10] (5)
where F(e(-)) = f(x(-)) = f(X(-)) and G(e(")) = g(x(-)) — g(&()).

According to systems (2) and (5), we obtain the augmented
closed-loop impulsive system as follows:

z(t) = Agz(t) +AF (z(t)) + Adé(z(t)) + Adé(z(t —1(1)))
+ By, t#1, t>1
2()=Dz(t), t=t, keZ,

2(s) = x(s) € PC2", s € [tg—T,10] (©6)

with the following vectors:

T

(6] A 8GO o

= [&(s)]’ GE0) = [G(e(-))] <R

o) = [ﬁg eR”
and the following constant matrices:

- [Ao+BK -BK]| - [A O

AO_[ 0 A()—LC]’ Al_[O A]]
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- [0 0] , [A O
Ad_[—Ad Ad]’ Ad_[Ad 0]
=l 5] 2=[0 )
B: D: .
d [0 Byl 0 D

For further discussion, we introduce some definitions and
lemmas.

Definition 1 [14]: For given impulse time sequence {#;}ez,,
system (1) is said to be stabilized to input-to-state stability
(ISS) by controller (3), if there exist functions € KL and
Y€%Kw such that for any ¢€PC! and any exogenous
disturbance w(?), the solution x(¢) of system (4) satisfies

lxOIl < BlIgllz, 1 = 10) + y(llwllizg,1), V1= 10.
Definition 2 [14]: For given impulse time sequence {#}ez,,
system (1) is said to be stabilized to integral-ISS (iISS) by
controller (3), if there exist functions € KL and @,y € Ko
such that for any ¢ € PC? and any exogenous disturbance w(t),
the solution x(f) of system (4) satisfies

@l < Il =10)+ [} Yllw(@)hds. Vi> 1o

Remark 1: The above definitions depend on the choice of
the sequence {f}rez,. However, it is often of interest to
characterize ISS (iISS) over classes of sequences {fx}iez,. To
this end, the system is said to be stabilized to uniformly ISS
(iISS) over a given class F if the system is ISS (iISS) for
every sequence in ¥ with functions f and y that are
independent of the choice of the sequence, see [24].

Definition 3 [24]: The average impulse interval (AIl) of the
impulse time sequence {#;}xez, is said to be not less than 7*, if
there exist positive constants Ny and 7* such that

T-t
N(T,I)S—*-i-N(), YT >2t>1 @)
T

where N(T,t) is the number of impulses of the sequence
{tx}kez, occurring on the interval (¢,7], and Ny is the elasticity
number. Denote such kind of impulse time sequences by set
F T[T, Ng] for later use.

Lemma 1 [16]: Let functions h(t),hy(t) € PC([tg — T, +00),
Ry), and ¢(f) € PC([ty,+o0),R;). If there exist A; €R,
A> €Ry, and i € R, such that

D hi(t) < A1) + Lhi(t—71(0) + @), t# 1, t =1
hi(t) < ph (1), k € Z4
and
D+h2(t) > /_llhz(l‘) +/_12h2(t—‘r(t)) +o), t+t, t>1
ha(t) = fiha(t), k€ Zy
then A (7) < hy(¢) for all tg — 7 < t < ty implies that i (f) < hy(¢)
for all ¢ > 1.

Lemma 2 [16]: Assume that there exist a function
h(t) € PC([tg—T,+0),R,) and constants A; €R, 1, €R,, and
€ R, such that

DT h(t) < A h() + Lh(t— 1) + (1), t # 1, t> 1y
ht) < (). ke Zs
it then holds that for all # > 1,
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- l‘ . - .
h(r) SﬂN(z,to)h(to)e/ll(z—to)+LOﬂN(t,.s)e/ll(t—‘s)

x [ah(s = 7(5)) +@(s)]ds. ®)

Remark 2: The proof of Lemma 2 is similar to that in [16].

However, one can see that the main difference is that we only

need that A; is a real constant, which can lead to wider
applications.

III. MAIN RESULTS

The purpose of this paper is to derive some sufficient
conditions for input-to-state and integral input-to-state
stabilization of system (1) via observer-based control (2) and
(3). To do this, we firstly find sufficient conditions for
uniformly ISS (iISS) of system (6), which means that the
system (1) is stabilized to uniformly ISS (iISS) under the
given observer-based control scheme. The proof is based on
Lemmas 1 and 2.

Theorem 1: Given matrices K € R?" and L € R™™, if there
exist 2n X 2n matrices P > 0, R > 0, 2n X 2n diagonal matrices
Q;>0, i=1,2,3, and positive constants Ny, 7, 4, A2, and
w> 1, such that 7 > Inp /(A — Mo Ap) > 0, LT Q3L < A, P,

[IT PA, PA; PA; PBy
* -0; 0 0 0
* *x =0 0 0 <0 ©)
* * * -03 0
* * * * -R
-uP DTP
x _p|=O (10)

where I1=PAy+AIP+LT QL+ LT QoL+ 0P, L=diag{Ly,
L¢te R¥>2 and L= diag{L,,Ls} € R?™>2" " then by the
observer-based controller (3) with (2), system (1) is stabilized
to uniformly ISS (iISS) over the class F*[t*, Ny].

Proof: Consider a Lyapunov function V(¢) = z' (t)Pz(t) for
the augmented system (6). For ¢ € [tx_1,1), k € Z,, taking the
right-upper Dini derivative of V(¢), with (6) we obtain

DTV (1) = 22T (1)P[Aoz(t) + AL F(z(1)) + AgG (z(1))

+A4G (2t —7(1)) + By (1)]

<zl (O +0)z(t) + 22" (1) PByao(t) — & (HR(t)
— 2L OP2(0) + 2" (1 =) LT Q3 Lz(t — (1))
+aT (DR
— iz (O)Pz(t) + Doz2" (1= T(0) P=(t - 7(1))
+ & (HRa(7)

< — UV() + V(i —70) + e(lo0) (11)
where © = PA|Q['ATP+PA,Q;'ATP+PA;07'ATP  and
o(lo®I) = Amax RNl@@®)||. For t = ty, k € Z,, with the help of
(10), we get

IN

V(ty) = 2" (1) Pz(ty) = 2 (£, )D" PD=(t;)

<pZ" ()P(L;) = pv(ey). (12)
Based on (11) and (12), we derive the following comparison
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system:
V(1) = =) + vt —7(0) + p(loDI) + &, 1 # 1
V() = (), k€ Z.
v(8) = Amax (P ()IP, s € [t0 =7, 1o]. (13)
Assume that v,(¢) is the corresponding maximal solution of
system (13) for any given &£ > 0. Based on Lemma 1, it can be

deduced that V(7)) < v(t) < ve(?) for all ¢ > 1y. It then follows
from Lemma 2 that:

t
Ve(t) < #N(t,to)vg(to) o~ 1t=10) | L O 'uN(t,s) o~ 1=9)

X[A2ve(s —7(s5)) + @(lo(s)I) + €lds (14)
for all ¢ > fy. Using Definition 3, we have
e~ A1(t=s) MN(t,s) < e—/ll(t—s) ,U%HVO
= S =s) Mo
=pe B0~ (15)

where A3 = A1 —Inu/7* > 0 and 5 = 1o, Substituting (13) and
(15) into (14) yields that

t
ve(t) < uaio)e™ 0+ [ eI vl — ()
+ @l +2lds
t
<0e™B 4 [ e NI gvi(s — ()

+e(llo(s)I) +elds (16)
where o = n/lmax(P)le(s)H%. Denote ¢(1) = nlre™+1—-23. Tt
follows that ¢(0) =nd, — A3 <0. Moreover, it is easy to see
that ¢(+00) = +o0 and ¢ (1) = 1 + nAaTexp(AT) > 0. Thus, there
exists a constant 4>0 such that niyexp(AT)+A—-A4A3=0.
Moreover, let 14 be a positive constant satisfying 0 < 44 < 4,
one may observe that 0 < 74 exp(A4T) < A3 — A4.
In the following, we shall show that for all r > 7y — 7:

ne
A3 —nda

t
vo(t) <0770 46 [ Hp(las)lds + (17)
0

where @ is a positive constant satisfying

~ (A3 —A4)
o> ——= 2
A3 — Ay —nArels™
We start by setting ¢(J@(#)]) =0 for all tp—7T <<ty and
defining
ne
B3-nl’

t
T(0) £ 070 46 [ eIl s)l)ds +
fo

For t € [ty —7,19], in view of > 1, we have

Ve(?) = Amax(P)Ilx (DI

< PAmax(PY D17 = 0 < T(@).

For 1€ (tg,+c0), if (17) is not true, then one may define
t* = inf{t > 19, v:(t) > T(¢)}. If ¢ is not an impulse point, it then
holds that v.(t*) = T(¢*). If " is an impulse point, it then holds
that v.(t*) > T(¢*). Therefore,
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ve(t) < Y(0), tety—T, 1)
ve(t™) > Y(tY). (18)

From (16) and (18), we observe that
P *
(1) S 0¢™ 00 4 [ e S g (s —(s))
+e(lo()l) +£lds
s =10) o (T —as(=s) —A(s5=1(5)~1g)
<pe BV T4 jfo ne 3 [/lz(ge 0

s—7(s)

+0 T p(la@)ldé

+ 12
A3—ndy

)+ @dlla(s)l) +&|ds

< Qe_/b(t*_tO) + A] + Az + A3 + A4

where

A = j d 0B VT HTHO 1" g ¢
fo

A = L; U(—/ljiiz;z +8)e’/13(’**s)ds

r* « s=7(s)
Ax = onde— =9 —A4(s—7(5)=¢)
3 jfo 210€e LO e
xg([lo@)Ihdsds

r* . ~
Ag= [ e8I glas)lds.
0]

Using nd; exp(AT) + 1 — A3 = 0, we have

-
AL +A, = e’ TQ[e’A(’*”O) — B0y
A3—A4
ne —3(t"—1g)
+ [1-¢e7 o]
A3 —nda
<ole 10 _ g~y T8

L-nly’
In view of g > (A3 — A4)/(A3 — A4 — Az exp(A47)) and Az >
A4, we have

-t
As+As < /lzn@el‘“f e
0]

s—7(s)

—(A3=A4)(1" =) e~ =8

0]
Xso(lld)(f)ll)dfdﬁf; ne™ g (las)ds

< (’12’756/1“f
TN AB3-Ay

[*
< @f
0]

It then holds that v.(¢*) < T(+*), which is a contradiction
with (18) and thus (17) holds. Let £ — 0%, it leads to

t* .
+n) [ e gl

=g (|a(s)|l)ds.

Amin(P)l2OIF < V(1) S ved) < Y1), V1= 10.

Then, the following proof is separated into two parts.

Part I: In this part, we aim to prove that system (1) is
stabilized to uniformly ISS over the class F*[r*,Ny]. Using
(19), we get

(19)
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2 max( ) 2 _A—t0)
o= Amin(P) 5l (s)llze 0
Q;m—(g) U a(s)Pds
Amax P o
: m((m)ml)((ﬂllﬁe Ai~1o)
/Imax R ) ‘
0 mm(; ))|| Ol j A=)
Amax(P) 2 Aty
= Aon(P) mm(P) n(s)lize
/lmax( )
54/lm1n(P)” ( )” [fo.1]

for all ¢ > g, which implies that

211 < prly()llre™ 0 + pallas(s)li,1, Yt 2 1o

/lmax P ~/1max R
where p; = /7 ((P))n and p; = /iaTm((P))'
definitions of z(t), x(@®, and @(f), one can see that
Iz > lx(@)]| for all 7 > 1o, [x(s)llz = Ip(s)llz for s € [1o—T, 0],

and (|0, = lw(S)ls,s7 for s € [fo,¢]. Then, there exist
constants g; > 1 and g, > 1 such that

Recalling the

IOl < prlle()llze™ " + pagollw($iga. V1> 10
which implies that system (1) is stabilized to uniformly ISS
over the class F[t*, Np].

Part II: In the following, we shall investigate the uniformly
iISS property. By (19), we have

Auin(POIF < 1Amax(PY(s)lze

t
+ [ M B
0]

< D Amax (Pl (s)|[2e™ )

+ [ (RGP

for all ¢ > #¢. Similarly, we can obtain that there exist constants
g1 > land g, > 1 such that

Amin(PIX(I < p1gullp(s)l[Ze 4~

fe o 2
+ [ pallesliPds, Vi1
To

where P = ndmax(P) and pr = Amax(R). Thus, one can see that
system (1) is stabilized to uniformly iISS over the class
F [T, Nol. ]

Remark 3: In particular, if we consider the case that Ny = 1,
then one can see that the minimal impulse interval is used
instead of the average impulse interval, which implies that two
consecutive impulse instants must be separated by at least 7*
units of time. Then, we can derive the following corollary
from Theorem 1.

Corollary 1: Given matrices K € R?" and L € R™™, if there
exist 2n X 2n matrices P > 0, R > 0, 2n X 2n diagonal matrices
Q; >0, i=1,2,3, and positive constants 7*, A, Ay, and u > 1,
such that 7* >Inu/(A; —uds) >0, LTQ3L < A,P, (9), and
(10), then by the observer-based controller (3) with (2),
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system (1) is stabilized to uniformly ISS (iISS) over the class
¥+, where F;+ denotes the class of impulse sequences {f; }iez,
satisfying #; —t4—1 > 7"

Next, consider the case that D = ful with u>1, we can
formulate Theorem 1 as follows.

Corollary 2: Suppose that D= +ul with u>1 Given
matrices K € R?" and L € R™_ if there exist 2n X 2n matrices
P >0, R>0, 2nx2n diagonal matrices Q; >0, i =1,2,3, and
positive constants Ny, 7%, 4;, and A, such that 7*>
Inp/(A; — ™ 25) >0, LTQ3L</12P, and (9), then by the
observer-based controller (3) with (2), system (1) is stabilized
to uniformly ISS (iISS) over the class F*[7*, Np].

Remark 4: In Theorem 1, Corollaries 1, and 2, the matrix
inequality (9) is nonlinear, which limits the design of gain
matrices K and L via the MATLAB LMI Toolbox. To over-
come this difficulty, two different cases are fully considered
and some necessary matrix transformations need to be app-
lied, which leads to the following results.

Theorem 2: Suppose that the control input matrix B, is full
column rank. For given positive constants Ny, 11, A», and
u>1, if there exist a positive constant 7%, nXn matrices
Py>0, P,>0, R{>0, Ry>0, nxn diagonal matrices
0;;>0,i=1,2,3, j=1,2, and constant matrices X € R"™",
Y e R, such that 7 > Inu/(1; —N0A) > 0, LT Q3L < A, P,
(10), and

1 PA, PA; PA; PBy
x -0, 0 0 0
*x x -0 0 0 |<o0 (20)
* ok * -0z 0
*x  x * * -R
where
ﬁ]] -X P] 0 R1 0
=1 . ﬁn}»P:[o Pz]’Rz[o Rz]
0; 0
Ql-z[ o Q,z], i=1,2,3
with

My = P1Ag+ Al Py +X+XT+LJTQ11Lf
+L; Qo1 Ly + 1 P
ﬁzz = PAg +AgP2— yc-cTy? +L;Q12Lf

+L QnLy+ 11 P

then by the observer-based controller (3) with (2), system (1)
can be stabilized to uniformly ISS (iISS) over the class
F*[r*,No]. Furthermore, the gain matrices are given by
K=(BI'B)'BIP/'X and L=P;'Y.

Proof: Assume that X = P1B.K and Y = P,L. One can see
that

My = PyAg+ A} P1 + P\B.K + K" Bl P] + L;Q“Lf

+LI QoL+ 41 Py
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My = PyAg+A[ Py = P,LC-CTLTP] + L Qi Ly

+ L; OnL,+41P;
which means that
[M=PAg+A P+ LT Q1L+ L" QoL+ A, P.

Hence, all conditions in Theorem 1 are satisfied. Fur-
thermore, it follows from X = P;B.K and Y = P,L that the
gain matrices can be calculated as K = (B! B,)”'BI P{'X and
L=P'Y. u

Theorem 3: Suppose that the output matrix C is full row
rank. For given positive constants Ny, 41, Ao, and u > 1, if

there exist a positive constant 7%, nxn diagonal matrices
M >0, A1>0, A»>0, N;;>0, i=1,2,3, j=1,2, and

constant ~matrices X eR?", YeR™", such that
7 > Inp/(A) — M) > 0, LTN3L < 1, M,
= AAM AM A;M BM
* =N 0 0 0
*x *x =N, 0 0 |<0 (21)
* * * -N3 0
L * * * -A
» AT
—uM - MD ] <0 22)
* -M
where
— |lzn -BX [Ml 0 ] [Al 0 ]
E= M= LA =
* Ean } 0 M 0 A2
Np O ] .
= =1,2
=T ) =12

Zi1 =AMy + MAj +BX +X Bl + LIN1i Ly
+LiNo Ly + 1 M)
o) =AOM] +M1A€—?—?T+L;N12Lf

+LINpLg+ 1M,

then by the observer-based controller (3) with (2), system (1)
can be stabilized to uniformly ISS (iISS) over the class
F*[r*,No]. Furthermore, the gain matrices are given by
K=XM'and L=YM;'CT(CCT)™".

Proof: Assume that P = diag{P;,P;} with P, =M1_1, R=
MIAM™Y, Qi=M'NM™', i=1,2,3, X=KM,, Y = LCM,,
P= diag{P,P,P,P,P}, and pP= diag{P, P}. Firstly, pre-multi-
plying and post-multiplying Z; with Py, i = 1,2, we have

P1E\ 1Py = PiAg+AlP1 +P|B.K+ K" BI PT
+L§;Q11Lf+L§Q21Lg + 1Py

P12y Py = P1Ag+AlP1— P\ LC-CTLTPT
+L{QuaLy+ Ly Onle+ 1Py
Then, one can see that

PEP=PAy+A P+ LT Q1L+ L" QoL+ A1 P.
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Next, pre-multiplying and post-multiplying both sides of
(21) with P, it holds that

PEP  PA, PA, PAy PBy
*x —PN|P 0 0 0
* * -PN,P 0 0 <0
* * * —PN3P 0
* * * * —PAP

which implies that the condition (9) holds. Secondly, pre-
multiplying and post-multiplying both sides of L N3L < 1, M
with P, we have LT Q3L < A, P. Thirdly, pre-multiplying and
post-multiplying both sides of (22) with P, we can obtain
(10). Hence, all conditions in Theorem 1 are satisfied.
Furthermore, it follows from X = KM, and ¥ = LC M, that the
gain matrices can be calculated as K = )N(M]‘1 and [ =
ym;tctcch™. n

Remark 5: There have been various results on input-to-state
stabilization of linear (nonlinear) systems involving un-
measurable states in the literature, see [30], [34], [35], [37],
[41]. Similarly to those results, the output feedback controller
we designed is also based on a state observer. One can see that
the possible time delays are excluded in [30], [34], [35]. In the
framework of time delays, [37] studies the observer-based
input-to-state stabilization problem for nonlinear delayed
system. However, the state observer proposed in [37] depends
on the full information of time delays. That is, the time delays
need to be fully available and measurable. Although the
observer designed in [41] does not require the full information
of network-induced delays, the state delays of system itself are
excluded. In this paper, we propose an observer-based
controller which can stabilize nonlinear impulsive systems
involving unmeasurable time delays and unknown exogenous
disturbances to ISS (iISS), where the information of time
delays and exogenous disturbances is not needed. Moreover,
the destabilizing effects of impulsive perturbations are also
considered in this paper, which leads to wider applications.

Remark 6: Theorem 2 presents some LMI-based conditions
to design observer-based control input u such that system (1)
is stabilized to ISS (iISS). When using Theorems 2 and 3, it is
necessary to give proper parameters such that inequalities
> Inp /(A —puNody) > 0, LT Q3L < A, P, (10), and (20) hold.
Then the feasible solutions of those inequalities, that is, X ¥,
Py, Py, Ry, Ry, and Q;;>0,i=1,2,3, j=1,2, can be derived
by the MATLAB LMI Toolbox. Based on the above analysis,
the gain matrices can be designed by such known matrices and
the low bound of the AII constant 7* can be derived. From the
algorithm point of view, since positive constants A; and A,
describe the possible convergence rate of the Lyapunov
function 7 it is desirable to give a larger A; and a smaller A,
when solving LMIs in Theorem 2. In addition, the positive
constant > 1 describes the possible jump amplitude of the
Lyapunov function V at impulse instants. Thus, a smaller p is
preferred for the feasibility of LMI in (10). Similarly, the
above analysis is suitable to Theorem 3.

Remark 7: In Theorem 2, we assume that the control input
matrix B, is full column rank, which implies that BZBL. is
invertible. Such assumption is crucial for the design of the
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controller gain K. While in Theorem 3, we assume that the
output matrix C is full row rank, which implies that CCT is
invertible. Such assumption is crucial for the design of the
observer gain L. One can see that the proposed results in
Theorems 2 and 3 can be applied for different cases. Hence,
they are different but complementary to each other. Moreover,
how to derive some less conservative conditions for the
general case is an interesting topic. This issue will be explored
in our future work.

IV. NUMERICAL EXAMPLES
In this section, we present two numerical examples and
relevant simulations to demonstrate the validity of the above
designed observer-based control schemes.
Example 1. Consider the following nonlinear delayed
system:

x(1) = Aox(1) + A1 f(x(1)) + Aag(x(t = 7(1))) + Beu(r)
+Baw(t), t>0

y () =Cx(1) (23)
with
| oash 4=loz ons) B=lo 1l
_[02 0.1 W = oy - |ranhxi()
Aa= [—0.2 0.01]’ F() = g(x0)) = [tanh(xg(-))

where the time delay 7(f) is unmeasurable and satisfies
7(¢) € [0 0.2], and the exogenous disturbance w(f) is unknown
but bounded. When there is no control input (i.e., u(t) = 0), by
simulation, Fig. 1 shows that the system (23) is not ISS with
the choice of 7(f) = 0.2[sinz|, w(f) =[0.8cost 1.1sinf]7, initial
condition [¢1(s) ¢2(s)]7 =[-1.5 1.4]" for s € [-0.2,0]. In the
following, we consider two different cases.

%108
25 . . . . . .
x,(6)
20 (=== (1)
15F
10t
051
o . . . . .
0 5 10 15 20 25 30

Time (s)

Fig. 1.  Trajectories of x(r) without control input.

Case I: The control input matrix B, is full column rank. In
this case, we will design the observer-based controller (3) with
(2) such that system (23) with the following impulsive
perturbations:

xX(t) = \px(t"), t=t;, k€Zy (24)
achieves the ISS property based on Theorem 2. We firstly
assume that B, =[0.5 0.3]7 and C =[0 7). Then, for given
A1 =58, 21, =0.28, u=2.56, and Ny =2, by calculating the
range of values for v and solving the LMIs, we obtain
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7" € (0.2371,+c0) and the following gain matrices:

K=[-1.1754 -13.6241]1, L=[4.4384 235771". (25)

Thus, according to Theorem 2, system (23) and (24) can be
stabilized to uniformly ISS over the class F*[r*,2] with
7" €(0.2371, +00). For simulations, we take impulse time sequ-
ence A(txlez, = {t3n-2=n-0.9, 13,1 =n—-0.8, 13, = nlpez, €
F*[1/3,2] and still consider 7(¢) = 0.2|sinf|, w(r) = [0.8cost
1.1sinf]7, initial condition [¢(s) ¢a(s)]” =[-1.5 1.4]7 for
s € [-0.2,0]. Moreover, the observer-based controller (3) with
(2) is given with the designed gains in (25). One can see that
Fig. 2 shows the control signals, Fig. 3 shows the trajectories
of plant states, and Fig. 4 shows the trajectories of observation
error signals. The corresponding simulations reflect the
validity of our results.

20 T T T T T

u(?)

5

Wil

., 20 25 3.0 35 40

0 5 10 15 20 25 30
Time (s)

Fig. 2.

Trajectory of u(z) in Case 1.

-5 - ) 20 25 30 35 40
0 5 10 15 20 25 30
Time (s)
Fig. 3. Trajectories of x(#) under control input in Case 1.
4 T T T T T
2 J
e = S S
=2 1
T (| ) S e avpp—————
-4 H —05 W i
-6 -1.0 b
ey(?)
g |- ey(t) 20 25 30 35 40
0 5 10 15 20 25 30
Time (s)
Fig. 4. Trajectories of e(r) with the initial condition [¢; ¢,]" = [-2.7 2.8]7
in Case L.
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Case II: The output matrix C is full row rank. In this case,
to study the input-to-state stabilization of system (23) and
(24), we suppose that B.=[05.2]7 and C=[3 6]. If we
choose parameters 1) =5, A, =0.32, u=2.56, and Ny =2,
then by Theorem 3, we can obtain 7* € (0.3238, +00) and

K =[-0.7025 -1.0576], L=[-13.6643 8.97211".
Thus, using the above calculated solutions, the ISS property
of system (4) is achieved. In simulations, 7(¢), w(t), #(s), and
{tx}kez, are same as those in Case I. The corresponding
simulations are shown in Figs. 5-7.

1.0
0.5F
0
-0.5
-1.0

u(t)

0 11/
-1.5
-0.5
_2'0 - 4
25} o 20 25 30 35 40 A
0 5 10 15 20 25 30
Time (s)
Fig. 5. Trajectory of u(z) in Case II.
4 T T T T T
2 .

0.5

-4+ x,(0) 0 E
_____ —0.5
x,(7)
p X ) ) 2.0 2.'5 3.0 3;5 4.0
0 5 10 15 20 25 30
Time (s)
Fig. 6.  Trajectories of x(f) under control input in Case I
10 T T T T T
e(?)
SHI-—— e(t)

0 5
< 4
S
75 s 2
1
-0} 0f >
-1 pras”
sk . . 20 25 30 35 40
0 5 10 15 20 25 30
Time (s)
Fig. 7. Trajectories of e(r) with the initial condition [¢; ¢»]7 =[-2.7 2.8]7
in Case II.

Example 2: To further demonstrate the flexibility and
effectiveness of the proposed design scheme, we consider a
chemical reactor system with two reactors 4 and B [42], as
shown in Fig. 8. Based on mass balances, when there is no
impulse, the dynamics of the reactants can be modeled
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—
Fresh feed

Delayed recycle

<4 Disturbances

————— Impulsive perturbations

Reactor B

Reactor 4
Fig. 8. Chemical reactor system.

approximately as follows:

l—rB

1
X1(1) = —kax1(H)— axl )+ x(8) + w1 (7)

1 o
Jo(t) = —kpxo(t)— gxz(f) + Eu(t) +wa(?)

+ A =10 + oyt 1))
VB VB

y(0) =x1(1) (26)
where x;(-) and x;(-) are the compositions; y(f) is the output;
ks and kg are the reaction constants; 64 and 0p are the reactor
residence times; r4 and rp are the recycle flow rates; v4 and vp
are the reactor volumes; 9 is the feed rate; the time delay 7(r)
is unmeasurable and satisfies 7(¢) € [0 0.5], and the exogenous
disturbances w1 (#) and w;(¢) are unknown but bounded. Some
other information on system (26) can be found in [42]. For the
chemical reactor system (26), we consider that ks =1,
kB = 0.5, HA = 03 = 2, ra = 0.5, rp = 0.25, VA =VR = 0.5, and
¥ = 0.5. Then, we obtain the following system:

X(1) = Apx(t) + Agx(t —7(t)) + B.u(t) + Bgw(1), t >0

y(@® =Cx(0)
with

- T
AO:[ 1.5 1.5]’ Ad=[0 0]’ BC:[O], Cz[l]
0 -1 1 05 1 0

[t 0 _ [x1(0) _[wi1(®
&_k Jxm"bm’wm"wmw

When there is no control input (i.e., u(f) = 0), by simulation,
Fig. 9 shows that the system (27) is not ISS with the choice of
7(f) = 0.5|cost|, w(r) =[0.2sint 0.25cost]”, initial condition
[p1(s) #2(s)]T =[0.8 —0.3] for s € [-0.5,0].

In practice, many chemical reactions are affected by
discontinuous perturbations at certain instants, which may
lead to sudden changes in the states of the chemical reactor
system. To describe it, we consider such sudden changes as
the impulsive perturbations in the form of (24). Moreover, due
to the complexity of the chemical reactor system, the full
information of system states is hard to be obtained. Thus, it is
more realistic to design the observer-based controller (3) with
(2) for the input-to-state stabilization of system (27) with
impulses (24). If we choose parameters A; =5.7, 15 = 1.6,
w=1.69, and Ny =2, then by Theorem 2, we can obtain
7" € (0.4643,+0c0) and the following gain matrices:

27)
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600 T T T T T
x,(7)
RIUUY of R x(0)
400 |
< 300
=
200 |
100
= . . . .
0 5 10 15 20 25 30
Time (s)
Fig. 9. Trajectories of x(f) without control input.

K =[-6.0982 -3.7710], L=[10.8932 52.6284]".

Thus, by using above solutions, the observer-based control
input u(f) can be obtained, which can be used to stabilize sys-
tem (24)—(27) to ISS. For simulations, we take impulse time
sequence {tk}k€Z+ ={ts3yp=15n-14, t3,_.1 =1.5n-1.1, 13, =
1.5n}pez, € F1[0.5,2] and still consider 7(r) = 0.5|cost|, w(t) =
[0.2sinz 0.25cos?]”, initial condition [¢1(s) ¢2(s)]” =[0.8
-0.3]" for s € [-0.5,0]. The corresponding control input u(f)
can be found in Fig. 10. With such control input, the
simulation results are shown in Figs. 11 and 12. One can see
that the designed controller can render the resulting closed-
loop system as ISS, which illustrates the effectiveness of the
observer-based output feedback control approach.

~10 . . . . .
0 5 10 15 20 25 30
Time (s)
Fig. 10.  Trajectory of u(r).
1.0 T
x,(2)
0.5 f|=——- X,(f) b

Fig. 11.

Trajectories of x(¢) under control input.

V. CONCLUSIONS

The paper’s key design idea is how to develop a novel
control scheme to stabilize a class of impulsive delayed
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30

Time (s)

Fig. 12.
-0.517.

Trajectories of e(f) with the initial condition [@; @2]” =[0.5

systems to ISS and iISS when the information of the plant’s
states cannot be adequately obtained. We have constructed an
observer to estimate the plant’s states and designed an
observer-based control scheme for input-to-state stabilization.
Using the Lyapunov method and comparison principle, some
criteria have been presented for the ISS property of the closed-
loop system and moreover, the corresponding observer-based
controller has been designed. Finally, the advantage and
effectiveness of our results have been demonstrated by
simulation results. Since practical systems are often affected
by the random noises [43], another interesting direction is to
develop observer-based control for input-to-state stabilization
of impulsive stochastic nonlinear systems.

REFERENCES

[1] V. Lakshmikantham, D. D. Bainov, and P. S. Simeonov, Theory of
Impulsive Differential Equations, vol. 6. Singapore: World Scientific,
1989.

[2] W. M. Haddad, V. Chellaboina, and S. G. Nersesov, Impulsive and
Hybrid Dynamical Systems: Stability, Dissipativity, and Control.
Princeton, USA: Princeton University Press, 2014.

[3] W.-H. Chen and W. X. Zheng, “Input-to-state stability for networked
control systems via an improved impulsive system approach,”
Automatica, vol.47, no.4, pp.789-796, Apr. 2011.

[4] Z.-H. Guan, Z.-W. Liu, G. Feng, and M. Jian, “Impulsive consensus
algorithms for second-order multi-agent networks with sampled
information,” Automatica, vol.48, no.7, pp. 1397-1404, Jul. 2012.

[5] X. Jiang, X. Zeng, J. Sun, and J. Chen, “Distributed hybrid impulsive
algorithm with supervisory resetting for nonlinear optimization
problems,” Int. J. Robust Nonlinear Control, vol.31, no.8, pp.3230—
3247, Feb. 2021.

[6] K. Gu, J. Chen, and V. L. Kharitonov, Stability of Time-Delay Systems.
Boston, USA: Birkhauser, 2003.

[71 S. S. Ge, F. Hong, and T. H. Lee, “Adaptive neural network control of
nonlinear systems with unknown time delays,” [EEE Trans. Autom.
Control, vol.48, no. 11, pp.2004-2010, Nov. 2003.

[8] D. Li, Y.-J. Liu, S. Tong, C. P. Chen, and D.-J. Li, “Neural networks-
based adaptive control for nonlinear state constrained systems with
input delay,” [EEE Trans. Cybern., vol.49, no.4, pp.1249-1258, Apr.
2019.

[9] Y.-B. Huang, Y. He, J. An, and M. Wu, “Polynomial-type Lyapunov-
Krasovskii functional and Jacobi-Bessel inequality: Further results on
stability analysis of time-delay systems,” IEEE Trans. Autom. Control,
vol. 66, no. 6, pp.2905-2912, Jun. 2021.

[10] X.-M. Zhang, Q.-L. Han, and X. Ge, “Novel stability criteria for linear

IEEE/CAA JOURNAL OF AUTOMATICA SINICA, VOL. 9, NO. 7, JULY 2022

time-delay systems using Lyapunov-Krasovskii functionals with a cubic
polynomial on time-varying delay,” IEEE/CAA J. Autom. Sinica, vol. 8,
no. 1, pp.77-85, Jan. 2021.

[11] Z. Wang, J. Sun, and Y. Bai, “Stability analysis of event-triggered
networked control systems with time-varying delay and packet loss,” J.
Syst. Sci. Complex., vol.34, no. 1, pp.265-280, Feb. 2021.

[12] H. Lin, H. Zeng, and W. Wang, “New Lyapunov-Krasovskii functional
for stability analysis of linear systems with time-varying delay,” J. Syst.
Sci. Complex., vol.34, no.2, pp.632—641, Apr. 2021.

[13] Y. Zhang, J. Sun, and G. Feng, “Impulsive control of discrete systems
with time delay,” IEEE Trans. Autom. Control, vol.54, no.4,
pp- 830-834, Apr. 2009.

[14] W.-H. Chen and W. X. Zheng, “Input-to-state stability and integral
input-to-state stability of nonlinear impulsive systems with delays,”
Automatica, vol.45, no. 6, pp. 1481-1488, Jun. 2009.

[15] X. Li and M. Bohner, “An impulsive delay differential inequality and
applications,” Comput. Math. Appl., vol.64, no.6, pp.1875-1881, Sep.
2012.

[16] X. Wu, Y. Tang, and W. Zhang, “Input-to-state stability of impulsive
stochastic delayed systems under linear assumptions,” Automatica,
vol. 66, pp. 195-204, Apr. 2016.

[17] S. Peng and F. Deng, “New criteria on pth moment input-to-state
stability of impulsive stochastic delayed differential systems,” IEEE
Trans. Autom. Control, vol.62, no.7, pp.3573-3579, Jul. 2017.

[18] X. Yang, X. Li, Q. Xi, and P. Duan,

stabilization for impulsive delayed
vol. 15, no. 6, pp. 1495-1515, Dec. 2018.

“Review of stability and
systems,” Math. Biosci. Eng.,

[19] X. Li, X. Yang, and T. Huang, “Persistence of delayed cooperative
models: Impulsive control method,” Appl. Math. Comput., vol.342,
pp. 130-146, Feb. 2019.

[20] X. Liu and K. Zhang, “Input-to-state stability of time-delay systems
with delay-dependent impulses,” IEEE Trans. Autom. Control, vol.65,
no.4, pp.1676-1682, Apr. 2020.

[21] E. D. Sontag, “Smooth stabilization implies coprime factorization,”
IEEFE Trans. Autom. Control, vol.34, no.4, pp.435-443, Apr. 1989.

[22] A. R. Teel, “Connections between Razumikhin-type theorems and the
ISS nonlinear small gain theorem,” I[EEE Trans. Autom. Control,
vol.43, no.7, pp. 960-964, Jul. 1998.

[23] E. D. Sontag, “Comments on integral variants of ISS,” Syst. Control
Lett., vol. 34, no. 1-2, pp.93-100, May 1998.

[24] J. P. Hespanha, D. Liberzon, and A. R. Teel, “Lyapunov conditions for
input-to-state stability of impulsive systems,” Automatica, vol.44,
no. 11, pp.2735-2744, Nov. 2008.

[25] S. Dashkovskiy and A. Mironchenko, “Input-to-state stability of
nonlinear impulsive systems,” SIAM J. Control Optim., vol.51, no.3,
pp. 1962-1987, May 2013.

[26] S. Dashkovskiy and P. Feketa, “Input-to-state stability of impulsive
systems and their networks,” Nonlinear Anal.-Hybrid Syst., vol.26,
pp. 190-200, Nov. 2017.

[27] D. Liberzon and D. Nesic, “Input-to-state stabilization of linear systems
with quantized state measurements,” [EEE Trans. Autom. Control,
vol. 52, no. 5, pp. 767-781, May 2007.

[28] T. Liu and Z.-P. Jiang, “Distributed control of nonlinear uncertain
systems: A cyclic-small-gain approach,” IEEE/CAA J. Autom. Sinica,
vol. 1, no. 1, pp.46-53, Jan. 2014.

[29] B. Liu, D. J. Hill, and Z. Sun, “Stabilisation to input-to-state stability for
continuous-time dynamical systems via event-triggered impulsive
control with three levels of events,” IET Contr. Theory Appl., vol.12,
n0.9, pp. 1167-1179, Jun. 2018.

[30] X. Li, H. Zhu, and S. Song, “Input-to-state stability of nonlinear
systems using observer-based event-triggered impulsive control,” JEEE


http://dx.doi.org/10.1016/j.automatica.2011.01.050
http://dx.doi.org/10.1016/j.automatica.2012.05.005
http://dx.doi.org/10.1002/rnc.5451
http://dx.doi.org/10.1109/TAC.2003.819287
http://dx.doi.org/10.1109/TAC.2003.819287
http://dx.doi.org/10.1109/TCYB.2018.2799683
http://dx.doi.org/10.1109/TAC.2020.3013930
http://dx.doi.org/10.1007/s11424-020-9299-1
http://dx.doi.org/10.1007/s11424-020-9299-1
http://dx.doi.org/10.1007/s11424-020-9179-8
http://dx.doi.org/10.1007/s11424-020-9179-8
http://dx.doi.org/10.1016/j.automatica.2009.02.005
http://dx.doi.org/10.1016/j.camwa.2012.03.013
http://dx.doi.org/10.1016/j.automatica.2016.01.002
http://dx.doi.org/10.1109/TAC.2017.2660066
http://dx.doi.org/10.1109/TAC.2017.2660066
http://dx.doi.org/10.3934/mbe.2018069
http://dx.doi.org/10.1109/TAC.2019.2930239
http://dx.doi.org/10.1109/9.28018
http://dx.doi.org/10.1109/9.701099
http://dx.doi.org/10.1016/S0167-6911(98)00003-6
http://dx.doi.org/10.1016/S0167-6911(98)00003-6
http://dx.doi.org/10.1016/j.automatica.2008.03.021
http://dx.doi.org/10.1137/120881993
http://dx.doi.org/10.1016/j.nahs.2017.06.004
http://dx.doi.org/10.1109/TAC.2007.895850
http://dx.doi.org/10.1109/JAS.2014.7004619
http://dx.doi.org/10.1049/iet-cta.2017.0820
http://dx.doi.org/10.1016/j.automatica.2011.01.050
http://dx.doi.org/10.1016/j.automatica.2012.05.005
http://dx.doi.org/10.1002/rnc.5451
http://dx.doi.org/10.1109/TAC.2003.819287
http://dx.doi.org/10.1109/TAC.2003.819287
http://dx.doi.org/10.1109/TCYB.2018.2799683
http://dx.doi.org/10.1109/TAC.2020.3013930
http://dx.doi.org/10.1007/s11424-020-9299-1
http://dx.doi.org/10.1007/s11424-020-9299-1
http://dx.doi.org/10.1007/s11424-020-9179-8
http://dx.doi.org/10.1007/s11424-020-9179-8
http://dx.doi.org/10.1016/j.automatica.2009.02.005
http://dx.doi.org/10.1016/j.camwa.2012.03.013
http://dx.doi.org/10.1016/j.automatica.2016.01.002
http://dx.doi.org/10.1109/TAC.2017.2660066
http://dx.doi.org/10.1109/TAC.2017.2660066
http://dx.doi.org/10.3934/mbe.2018069
http://dx.doi.org/10.1109/TAC.2019.2930239
http://dx.doi.org/10.1109/9.28018
http://dx.doi.org/10.1109/9.701099
http://dx.doi.org/10.1016/S0167-6911(98)00003-6
http://dx.doi.org/10.1016/S0167-6911(98)00003-6
http://dx.doi.org/10.1016/j.automatica.2008.03.021
http://dx.doi.org/10.1137/120881993
http://dx.doi.org/10.1016/j.nahs.2017.06.004
http://dx.doi.org/10.1109/TAC.2007.895850
http://dx.doi.org/10.1109/JAS.2014.7004619
http://dx.doi.org/10.1049/iet-cta.2017.0820

WANG et al.: ISS OF NONLINEAR IMPULSIVE DELAYED SYSTEMS: AN OBSERVER-BASED CONTROL APPROACH

Trans. Syst. Man, Cybern.: syst., vol.51, no.11, pp.6892-6900, Nov.
2021.

C. Lin, Q.-G. Wang, T. H. Lee, Y. He, and B. Chen, “Observer-based
H, fuzzy control design for T-S fuzzy systems with state delays,”
Automatica, vol.44, no. 3, pp. 868—874, Mar. 2008.

C. Hua, T. Zhang, Y. Li, and X. Guan, “Robust output feedback control
for fractional order nonlinear systems with time-varying delays,”
IEEE/CAA J. Autom. Sinica, vol.3, no.4, pp.477-482, Oct. 2016.

[31

—

[32]

(33

[t}

W. Xiao, L. Cao, H. Li, and R. Lu, “Observer-based adaptive consensus
control for nonlinear multi-agent systems with time-delay,” Sci. China-
Inf. Sci., vol. 63, no. 3, pp. 1-17, Feb. 2020.

H. Yang, B. Jiang, and V. Cocquempot, “Observer-based fault-tolerant
control for a class of hybrid impulsive systems,” Int. J. Robust
Nonlinear Control, vol.20, no. 4, pp.448-459, Mar. 2010.

K. H. Degue, D. Efimov, and J.-P. Richard, “Stabilization of linear
impulsive systems under dwell-time constraints: Interval observer-based
framework,” Eur. J. Control, vol.42, pp. 1-14, Jul. 2018.

X. Ni, S. Wen, H. Wang, Z. Guo, S. Zhu, and T. Huang, “Observer-
based quasi-synchronization of delayed dynamical networks with
parameter mismatch under impulsive effect,” IEEE Trans. Neural Netw.
Learn. Syst., vol.32, no.7, pp.3046-3055, Jul. 2021.

B. Li, Z. Wang, L. Ma, and H. Liu, “Observer-based event-triggered
control for nonlinear systems with mixed delays and disturbances: The
input-to-state stability,” IEEE Trans. Cybern., vol.49, no.7, pp.2806—
2819, Jul. 2019.

[38] H. K. Khalil and J. W. Grizzle, Nonlinear Systems, vol. 3. NJ, USA:
Prentice Hall Upper Saddle River, 2002.

[39] A. M. Pertew, H. J. Marquez, and Q. Zhao, “H, observer design for

Lipschitz nonlinear systems” I[EEE Trans. Autom. Control, vol.51,

no.7, pp.1211-1216, Jul. 2006.

M.-S. Chen and C.-C. Chen, “Robust nonlinear observer for Lipschitz

nonlinear systems subject to disturbances,” [EEE Trans. Autom.
Control, vol. 52, no. 12, pp.2365-2369, Dec. 2007.

[34]

[35]

[36]

[37]

[40]

[41] A. Selivanov and E. Fridman, “Observer-based input-to-state
stabilization of networked control systems with large uncertain delays,”

Automatica, vol. 74, pp.63-70, Dec. 2016.

[42] C. Hua, P. X. Liu, and X. Guan, “Backstepping control for nonlinear
systems with time delays and applications to chemical reactor systems,”

IEEE Trans. Ind. Electron., vol. 56, no.9, pp.3723-3732, Sep. 2009.

Z. Wu, “Stability criteria of random nonlinear systems and their
applications,” IEEE Trans. Autom. Control, vol.60, no.4, pp.1038—
1049, Apr. 2015.

[43]

1283

Yuhan Wang (Student Member, IEEE) received the
B.S. degree from the School of Mathematics and
Statistics, Shandong Normal University, in 2018. He
is currently a Master student in control theory at the
School of Mathematics and Statistics, Shandong
Normal University. His research interests include
stability theory, observer issues, neural networks, and
impulsive control theory.

Xiaodi Li (Member, IEEE) received the B.S. and
M.S. degrees from Shandong Normal University, in
2005 and 2008, respectively, and the Ph.D. degree

o~ —~ " from Xiamen Unj\{ersity, in 2011, all in appli.ed
. e mathematics. He joined the School of Mathematics

—— and Statistics, Shandong Normal University in 2011.
v He is currently a Professor and the Director of the
. Research Center for Control and Engineering
‘ ﬁ . Computation. From May 2019, he is the Dean of the
School of Mathematics and Statistics, Shandong
Normal University. From Nov. 2014 to Dec. 2016, he was a Visiting Research
Fellow at Laboratory for Industrial and Applied Mathematics in York
University, Canada, and the University of Texas at Dallas, USA. From 2017
to 2019, he was a Visiting Research Fellow at the Department of Mathematics
in City University of Hong Kong, and the Department of Mechanical
Engineering in The University of Hong Kong, China, respectively. His
current research interests include discontinuous control theory, delay systems,
hybrid systems, artificial neural networks, and applied mathematics. He has
been a recipient of the Highly Cited Researchers Award by Clarivate
Analytics in 2020 and 2021, and also the China’s high-cited scholars since
2014. He is currently the Editor-in-Chief of Mathematical Modelling and
Control, the Subject Editor of Applied Mathematical Modelling, the Associate
Editor of International Journal of Systems Science, Neural Processing
Letters, etc. He has authored or coauthored more than 100 research papers.

Shiji Song (Senior Member, IEEE) received the B.S.
degree in mathematics from Harbin Normal
University in 1986, and the M.S. and Ph.D. degrees
in mathematics from Harbin Institute of Technology
in 1989 and 1996, respectively. Since 2000, he has
been with the Department of Automation, Tsinghua
University, where he is currently a Professor. His
research and teaching interests include system identi-
fication, stochastic neural networks, reinforcement
learning, and visual information systems for ocean
mineral resources and applications. He has published in various well-
established journals, including the //E Transactions, Journal of Scheduling,
European Journal of Operational Research, Journal of the Operational
Research Society, IEEE Transactions on Neural Networks and Learning
Systems, and IEEE Transactions on Circuits and Systems.


http://dx.doi.org/10.1016/j.automatica.2007.07.018
http://dx.doi.org/10.1109/JAS.2016.7510106
http://dx.doi.org/10.1002/rnc.1442
http://dx.doi.org/10.1002/rnc.1442
http://dx.doi.org/10.1016/j.ejcon.2018.01.001
http://dx.doi.org/10.1109/TNNLS.2020.3009271
http://dx.doi.org/10.1109/TNNLS.2020.3009271
http://dx.doi.org/10.1109/TCYB.2018.2837626
http://dx.doi.org/10.1109/TAC.2006.878784
http://dx.doi.org/10.1109/TAC.2007.910724
http://dx.doi.org/10.1109/TAC.2007.910724
http://dx.doi.org/10.1016/j.automatica.2016.07.031
http://dx.doi.org/10.1109/TIE.2009.2025713
http://dx.doi.org/10.1109/TAC.2014.2365684
http://dx.doi.org/10.1016/j.automatica.2007.07.018
http://dx.doi.org/10.1109/JAS.2016.7510106
http://dx.doi.org/10.1002/rnc.1442
http://dx.doi.org/10.1002/rnc.1442
http://dx.doi.org/10.1016/j.ejcon.2018.01.001
http://dx.doi.org/10.1109/TNNLS.2020.3009271
http://dx.doi.org/10.1109/TNNLS.2020.3009271
http://dx.doi.org/10.1109/TCYB.2018.2837626
http://dx.doi.org/10.1109/TAC.2006.878784
http://dx.doi.org/10.1109/TAC.2007.910724
http://dx.doi.org/10.1109/TAC.2007.910724
http://dx.doi.org/10.1016/j.automatica.2016.07.031
http://dx.doi.org/10.1109/TIE.2009.2025713
http://dx.doi.org/10.1109/TAC.2014.2365684
http://dx.doi.org/10.1016/j.automatica.2007.07.018
http://dx.doi.org/10.1109/JAS.2016.7510106
http://dx.doi.org/10.1002/rnc.1442
http://dx.doi.org/10.1002/rnc.1442
http://dx.doi.org/10.1016/j.ejcon.2018.01.001
http://dx.doi.org/10.1109/TNNLS.2020.3009271
http://dx.doi.org/10.1109/TNNLS.2020.3009271
http://dx.doi.org/10.1109/TCYB.2018.2837626
http://dx.doi.org/10.1109/TAC.2006.878784
http://dx.doi.org/10.1109/TAC.2007.910724
http://dx.doi.org/10.1109/TAC.2007.910724
http://dx.doi.org/10.1016/j.automatica.2016.07.031
http://dx.doi.org/10.1109/TIE.2009.2025713
http://dx.doi.org/10.1109/TAC.2014.2365684
http://dx.doi.org/10.1016/j.automatica.2007.07.018
http://dx.doi.org/10.1109/JAS.2016.7510106
http://dx.doi.org/10.1002/rnc.1442
http://dx.doi.org/10.1002/rnc.1442
http://dx.doi.org/10.1016/j.ejcon.2018.01.001
http://dx.doi.org/10.1109/TNNLS.2020.3009271
http://dx.doi.org/10.1109/TNNLS.2020.3009271
http://dx.doi.org/10.1109/TCYB.2018.2837626
http://dx.doi.org/10.1109/TAC.2006.878784
http://dx.doi.org/10.1109/TAC.2007.910724
http://dx.doi.org/10.1109/TAC.2007.910724
http://dx.doi.org/10.1016/j.automatica.2016.07.031
http://dx.doi.org/10.1109/TIE.2009.2025713
http://dx.doi.org/10.1109/TAC.2014.2365684

	I Introduction
	II Preliminaries
	III Main Results
	IV Numerical Examples
	V Conclusions

